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The results of scanning tunneling microscopy experiments using iron-coated tungsten tips and current-carrying bismuth
selenide (Bi2Se3) samples are reported. Asymmetry in tunneling currents with respect to the change in the direction
of bias currents through Bi2Se3 samples has been observed. It is argued that this asymmetry is the manifestation of
surface spin-polarized electron accumulation caused by the ninety-degree electron spin-momentum locking in the topo-
logically protected surface current mode. It is demonstrated that the manifestation of surface spin-polarized electron
accumulation is enhanced by tin doping of Bi2Se3 samples. Furthermore, the appearance of spin-dependent density of
states in current carrying Bi2Se3 samples has also been observed.
I. INTRODUCTION
Topological insulators are currently a very active area of re-
search in physics in general, and spintronics in particular due
to their unique physical properties1–4 and promising engineer-
ing applications5–7. Topological insulators have a bulk band
gap like an ordinary insulator (or semiconductor) and con-
ducting surface states topologically protected by time-reversal
symmetry. These surface conducting states exhibit ninety-
degree locking2 between the electron spin and its momentum
caused by very strong spin-orbit interaction in these materials.
This ninety-degree locking results in surface accumulation of
spin-polarized electrons when a bias current flows through the
topological insulator.
In this paper, we report the experimental study of these sur-
face spin-polarized electron accumulations by using scanning
tunneling microscopy (STM) with iron-coated tungsten tips.
It was observed that there is a change (i.e., asymmetry) in the
tunneling current with respect to the change in the direction
of the bias current through the topological insulator. It can
be reasoned that this asymmetry is caused by the following
two factors. The first is the change in the spin orientation
of surface electrons caused by the change in bias current di-
rection. The second is the spin-dependent density of states
of the iron-coated tungsten tip. Thus, it can be concluded
that the above asymmetry reveals local surface accumulation
of spin-polarized electrons caused by the ninety-degree spin-
momentum locking.
Our experiments were performed using MBE-grown
Bi2Se3 samples. These are binary compounds which repre-
sent the second-generation of topological insulator materials2
with a relatively large bulk band gap of around 0.3eV and the
simplest (almost ideal) surface band structure with a single
Dirac cone for the (topologically protected) conducting sur-
face mode. In Bi2Se3 samples, the unintentional bulk con-
ductivity results in bulk currents which obscure the surface
conducting states8,9. It has been shown that chemical dop-
ing of intrinsic topological insulators with such elements as
calcium8,10 or tin9,11 moves the bulk Fermi level into the bulk
band gap. This results in reduced conduction due to bulk
states. In our experiments, Bi2Se3 samples with different lev-
els of tin (Sn) doping were used to reduce bulk conductivity.
It was observed that the increase in tin doping levels results
in the increase of tunneling current asymmetry with respect
to the direction change of the bias current through the sam-
ples. The latter indicates the enhanced manifestation of the
topological surface mode. It was also found that the current
flow through the Bi2Se3 samples results in the appearance of
spin-dependent density of states in the samples. This was
revealed by spin-polarized electron tunneling from the iron-
coated tungsten tips to the samples. The appearance of this
spin-dependent density of states in samples may be the result
of inclined (i.e., not horizontal) crossing of the Dirac cone
by the surface Fermi level in the presence of the bias current
through Bi2Se3 samples.
The STM technique has been extensively used for the study
of physical properties of topological insulators12–17. This is
because it is very local (nanoscale) in nature, which is its
clear advantage in comparison with other electrical and op-
tical measurements2,3. The contributions of this paper are the
local STM measurements of surface spin-polarized electron
accumulations in Bi2Se3 samples with various tin doping lev-
els by using iron-coated tips.
II. TECHNICAL DISCUSSION
Our STM studies were performed in a two chamber Omi-
cron ultra high vacuum (UHV) STM system, using the ex-
perimental setup schematically shown in Fig. 1. The current
source shown in this figure was used to provide the desired
bias current through the Bi2Se3 sample, while the voltage
source was used to apply desired tunneling voltage between
the STM tip and the sample. The bias current results in a
voltage drop along the sample, and this complicates the appli-
cation of the proper tunneling voltage (Vgap) between the tip
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2and the sample. This problem was solved by developing the
special potentiometry technique18, and thereafter it was used
in the STM study of the spin Hall effect19–21. Potentiometry
ensures that Vgap = Vs even in the presence of bias-currents
through the sample.
FIG. 1. Schematic of STM set-up.
The iron-coated tungsten tips were fabricated in UHV by
using e-beam deposition of iron on clean tungsten tips. Energy
dispersive X-ray spectroscopy (EDS) of these tips confirmed
the presence of iron at their front ends.
The Bi2Se3 thin-films with the thickness of about 400 nm
were grown by MBE on GaAs substrates. These films were
cut to 0.5 cm in width and 1 cm in length. Along with intrin-
sic Bi2Se3 samples, three tin-doped samples were used with
different levels of tin dopings. These three Sn-doped samples
have their stoichiometry of the form (Bi1−xSnx)2Se3 with x
being equal to 0.0073,0.0216 and 0.049. Below, these sam-
ples shall be referred to as samples A, B and C, respectively.
To achieve clean surfaces of these Bi2Se3 samples for scan-
ning, they were cleaved in vacuum and then placed in the
UHV STM chamber.
Before conducting the experiments with current carrying
samples, STM images of the atomic structure of the Bi2Se3
sample surfaces were obtained along with spectroscopy mea-
surements of the Dirac cone of the topologically protected
surface conducting mode. Typical surface morphology for in-
trinsic (undoped) Bi2Se3 samples is shown in Fig. 2(a). Typ-
ical spectroscopy curves for Bi2Se3 samples are shown in
Fig. 2(b), and are consistent with measurements previously
reported12,15. Note here that the Dirac point corresponds to
the minimum of the dI/dV curve. Measurements shown in
Fig. 2(b) reveal the shifting of the Dirac point towards zero
tunneling voltage with the increase in the doping levels.
Next, the STM experiments with current carrying Bi2Se3
samples were performed. As the initial step, a DC bias cur-
rent through the sample in one direction was introduced, and
the constant tunneling current mode of STM tip was used to
determine the achievement of thermal equilibrium. Then, the
bias voltage (Vgap) and tunneling current (I←t ) were adjusted
to desired values. Subsequently, the constant tunneling cur-
rent feedback for STM tip was turned off, the direction of the
FIG. 2. (a) Atomic resolution image for intrinsic Bi2Se3 sample at
the tunneling current of 300 pA and bias voltage 200 mV. This is
the image of Se atoms on the surface of Bi2Se3. Average distance
between atoms was measured to be 4.07 Å, consistent with values
reported in literature17. (b) STM spectroscopy Dirac cone measure-
ments for different levels of tin dopings. These curves were obtained
using the standard lock-in measurement technique.
bias current was abruptly changed to the opposite direction,
and the tunneling current (I→t ) was measured as a function of
time. The superscript arrows in the above notations refer to
the direction of the bias current through the samples.
First, the above STM experiments were performed with
tungsten (not iron-coated) tips with a bias current of 20 mA,
and no significant changes in tunneling currents were ob-
served upon changing the direction of bias currents through
the Bi2Se3 samples (i.e., I→t /I←t ≈ 1). This implies that in the
case of tungsten tips, tunneling currents are even-symmetric
functions of bias currents.
Then, the STM experiments were conducted by using iron
coated tungsten tips. They were performed for a bias cur-
rent of 20 mA through the Bi2Se3 samples and tunneling cur-
rents (I←t ) of about 100 pA. It was found that for iron-coated
tips, the tunneling current is not an even-symmetric function
of the bias current. The asymmetry is characterized by the
ratio I→t /I←t of the tunneling currents measured for the oppo-
site direction of the bias current. The experimentally observed
asymmetry of the tunneling currents for different values of
tunneling voltages is presented in Fig. 3(a) for the intrinsic
Bi2Se3 sample and in Figs. 3(b), 3(c) and 3(d) for tin-doped
Bi2Se3 samples A, B and C, respectively.
It is important to note that, since no asymmetry I→t /I←t in
tunneling currents was observed in the case of tungsten tips,
the reported asymmetry in Fig. 3 can be attributed to the spin-
dependent tunneling of electrons between the Fe-coated tip
and current-carrying Bi2Se3 sample. It is also evident that the
asymmetry appreciably depends on the polarity of the tunnel-
ing voltage.
In Figs. 3(a)-(d), the bottom curves (with I→t /I←t < 1) cor-
respond to the polarity of tunneling voltages for which elec-
trons tunnel from the current carrying Bi2Se3 samples to the
iron-coated tip. On the other hand, the top curves (with
I→t /I←t > 1) correspond to the opposite polarity of tunneling
voltages for which spin-polarized electrons tunnel from the
iron-coated tip to the current carrying sample. The bottom
curves reveal the surface spin-polarized electron accumula-
3FIG. 3. Observed asymmetry in tunneling curent for differently
doped samples and I←t = 100 pA. Steady state (in time) measure-
ments of tunneling currents are presented.
tions caused by the ninety-degree locking between momen-
tum and spin of electrons of the topologically protected sur-
face conducting mode in Bi2Se3 samples. Indeed, this locking
results in the reversal of electron spin orientation upon rever-
sal of the bias current direction. This spin reversal leads to the
change in tunneling currents due to the spin-dependent den-
sity of states of the iron-coated tip.
The top curves in Figs. 3(a)-(d), corresponding to the spin-
polarized electrons tunneling from the iron-coated tip, reveal
the spin-dependent density of states in current carrying Bi2Se3
samples. The appearance of this spin-dependent density of
FIG. 4. Asymmetry as a function of tin doping measured at I←t = 100
pA and Vgap =±50 mV.
states may be the result of inclined (not horizontal) crossings
of the Dirac cone by surface Fermi levels22,23. These inclined
crossings are caused by bias surface currents in Bi2Se3 sam-
ples. These bias surface currents are increased with the in-
crease in tin doping levels of the sample. The latter results
in larger slope angles of surface Fermi levels, which leads to
the increase in the spin dependent density of states in current
carrying Bi2Se3 samples. This is evident from the top curves
in Figs. 3(a)-(d).
Furthermore, it is clear from the Fig. 4 that the asymme-
try in tunneling currents is increased with the increase in tin
doping levels, from about 5% for the intrinsic sample to 21%
for sample C (for the case of negative Vgap). This can be ex-
plained as follows. Tin doping increases the bulk resistance,
but does not affect the physical properties of the conducting
surface mode because it is topologically protected. This leads
to the increase of the surface portions of bias currents through
Bi2Se3 samples with higher doping and, consequently, results
in the observed increase in tunneling current asymmetry.
FIG. 5. Asymmetry for different values of I←t and Vgap =−100 mV
It has also been observed that the described asymmetry in
tunneling currents is enhanced for smaller values of these cur-
rents. This is illustrated by Fig. 5(a) and 5(b) for samples B
and C, respectively. It is evident from this Fig. 5(b) that the
4above asymmetry may reach about 30% for the tunneling cur-
rent of around 30 pA in the case of sample C. This increase in
the observed asymmetry suggests that spin-polarized electron
accumulation becomes more pronounced with a reduction in
tunneling current I←t . This may suggest that the effect of den-
sity of states on the value of tunneling currents becomes more
dominant with the decrease of these currents.
III. CONCLUSION
In this paper, a novel experimental technique for the STM
detection of spin-polarized electron accumulation on the sur-
face of topological insulators is presented. The observed
changes (asymmetries) in the values of the tunneling currents
upon reversal of the direction of bias currents through Bi2Se3
samples are clear experimental signatures of surface spin-
polarized electron accumulations. Furthermore, the observed
increase in the aforementioned asymmetry with the increase
in tin doping levels of Bi2Se3 samples reveals the suppression
of bulk conductivity and consequent enhancement of surface
spin-polarized electron accumulations in Bi2Se3.
The presented results suggest that the STM based measure-
ments with iron-coated tungsten tips may open new opportu-
nities in the study of surface effects in topological insulators.
These measurements are very local in nature (i.e. they are
on the nanoscale). Hence, the described technique can be ex-
tended to study the correlation of these effects with surface
morphology of topological insulators.
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